1. Introduction {#s0005}
===============

Sodium 4-phenylbutyrate (PB) is a phenyl-substituted fatty acid derivative and is clinically used for the treatment of urea cycle disorders by virtue of its ammonium scavenging activity [@bib1], [@bib2]. Recently, in addition to its activity as a scavenger of ammonium ions, PB has also been found to be an inhibitor of endoplasmic reticulum stress and the action of histone deacetylases [@bib3], [@bib4].

We previously reported that PB binds to a single site on HSA, identified as drug site 2, based on fluorescent probe displacement experiments. Furthermore, Tyr411 and Arg410 were identified as being involved in the binding of PB to drug site 2, based on binding experiments using chemically modified-HSAs and mutant-HSAs [@bib5]. In addition, the same authors characterized the binding of PB to albumin from several species, including the rat [@bib6].

In continuing our investigations, we prepared single HSA--PB complex crystals by multiple rounds of streak-seeding in an attempt to determine the three-dimensional structure of the HSA--PB complex using X-ray crystallographic analysis. The results obtained here indicate that the carboxylate group of PB is hydrogen-bonded to Arg410, Tyr411 and Ser489, and the alkyl chain, including the phenyl group of PB, occupies the hydrophobic cavity of drug site 2 surrounded by Leu387, Ile388, Asn391, Cys392, Phe403, Leu407, Arg410, Tyr411, Leu430, Gly431, Val433, Cys437, Cys438, Ala449 and Leu453. These findings provide information that will be useful for clinical applications of PB.

2. Material and methods {#s0010}
=======================

2.1. Crystallization of the HSA--PB complex {#s0015}
-------------------------------------------

Preparation of the HSA solution for the crystallization was performed as described previously [@bib7]. PB was purchased from LKT Laboratories, Inc. (St. Paul, Minnesota, USA), and the 0.1 M stock solution of PB for the crystallization was prepared by dissolving in 50 mM potassium phosphate pH 7.0. Co-crystallizations of the HSA--PB complex were performed using the hanging-drop vapor diffusion method by mixing 1.5 μL of a HSA solution (93 mg/mL HSA containing 14 mM PB) and 1.5 μL of a reservoir solution containing 28%(*w/v*) polyethylene glycol 3350, 10%(*w/v*) 2-methyl-2,4-pentandiol and 50 mM potassium phosphate pH 7.0 at 15 °C. Single HSA--PB complex crystals were obtained by multiple rounds of streak-seeding with droplets prepared by mixing 2 μL of a HSA solution (93 mg/mL HSA containing 14 mM PB) and 2 μL of the reservoir solution containing 28%(*w/v*) polyethylene glycol 3350, 10%(*w/v*) 2-methyl-2,4-pentandiol and 50 mM potassium phosphate pH 7.0 at 15 °C and pre-equilibrated for three days.

2.2. Data-collection, structure determination and refinement {#s0020}
------------------------------------------------------------

The HSA--PB complex crystals were directly frozen in liquid nitrogen. Synchrotron experiments were performed at Photon Factory BL-17A (Tsukuba, Japan). Diffraction data set was collected at −173 °C using a Pilatus3 S 6 M detector with a crystal-to-detector distance of 486 mm, an oscillation range of 0.5° per frame and an exposure time of 0.5 s per frame. A total of 720 frames were collected, and this data set was processed and scaled using *HKL2000* [@bib8]. The initial phase of the HSA--PB complex structure was determined by the molecular replacement method using *MOLREP* [@bib9] from the *CCP4* program suite [@bib10], with the coordinate (PDB: 5X52 [@bib7]) serving as the search model. Further model building was performed with *COOT* [@bib11]. Structure refinement including the refinement of atomic displacement parameters by the translation, liberation and screw (TLS) method was performed with *phenix.refine* [@bib12] and the TLS groups were determined by using the *phenix.find_tls_groups* from the *PHENIX* package [@bib13]. The stereochemical quality of the final structure was evaluated by *MolProbity* [@bib14]. All molecular graphics were prepared using *PyMOL* [@bib15]. The atomic coordinates of the HSA--PB complex have been deposited in the Protein Data Bank under the accession code 5YOQ.

3. Results {#s0025}
==========

3.1. Crystal structure of the HSA--PB complex {#s0030}
---------------------------------------------

The HSA--PB complex crystallized in space group *P*2~1~ with unit-cell parameters *a* = 58.5 Å, *b* = 181.9 Å, *c* = 59.5 Å and *β* = 105.2°, and two HSA molecules were included in the asymmetric unit. The crystal structure of the HSA--PB complex was determined at a resolution of 2.65 Å and refined to final *R* and *R*~free~ factors of 23.5% and 25.6%, respectively. Data-collection and structure refinement statistics are summarized in [Table 1](#t0005){ref-type="table"}.Table 1Data-collection and refinement statistics.Table 1**Data-collection**SourcePhoton Factory BL−17Awavelength (Å)0.9800Space group*P*2~1~Unit-cell parameters length (Å)*a* = 58.5, *b* = 181.9, *c* = 59.5, angle (°)*β* = 105.2Resolution range (Å)50.0 -- 2.65 (2.70 -- 2.65)No. of observed reflections232,151No. of unique reflections34,871Multiplicity6.7 (6.4)Completeness (%)99.9 (100)*R*~merge~(%)[a](#tbl1fna){ref-type="table-fn"}10.3 (68.8)〈*I/σ* (*I*)〉35.7 (2.8)**Refinement**Resolution (Å)45.3 -- 2.65 (2.72 -- 2.65)Reflection used34,671 (2637)*R*~work~ (%)[b](#tbl1fnb){ref-type="table-fn"}23.5 (28.3)*R*~free~ (%)^c^25.6 (28.3)Completeness (%)99.9 (100)Number of non-hydrogen atoms8441 Protein8407 Ligands34*r.m.s.d.* from ideality bond length (Å)0.002 bond angle (°)0.415Average *B*-factor86.4 Protein86.5 Ligands72.1Ramachandran plot favored region (%)96.0 allowed region (%)4.0 outlier region (%)0.0Clashscore3.2[^1][^2][^3]

The overall structure of the HSA--PB complex forms an asymmetrical heart-shaped structure, similar to that for other previously reported HSA structures [@bib16] ([Fig. 1](#f0005){ref-type="fig"}). The *r.m.s.d.* value between the C~α~ positions of each HSA--PB complex structure in the asymmetric unit is 0.63 Å for 557 aligned residues, suggesting that the two structures in the crystal are almost identical. PB is the salt of an aromatic fatty acid, therefore, we compared the HSA--PB complex structure to HSA structures complexed with the eight- to fourteen-carbons saturated fatty acids. These results show that the overall structure of the HSA--PB complex resembles the HSA--octanoate--*N*-acetyl-L-methionine complex structure (PDB: 5X52 [@bib7], the *r.m.s.d.* value is 0.46 Å for aligned 571 residues) in comparison to the HSA structures bound to the other fatty acid, which have undergone a fatty acid binding-induced conformational change in domains I and III relative to domain II of HSA [@bib17], [@bib18], [@bib19], [@bib20]: the *r.m.s.d.* value for the HSA--decanoic acid complex structure is 3.31 Å for 473 aligned residues (PDB: 1E7E [@bib19]), the *r.m.s.d.* value for the HSA--dodecanoic acid structure is 3.36 Å for 476 aligned residues (PDB: 1E7F [@bib19]) and the *r.m.s.d.* value for the HSA--myristic acid complex structure is 3.36 Å for 485 aligned residues (PDB: 1BJ5 [@bib17]).Fig. 1Overall structure of the HSA--PB complex. The HSA molecule is shown as a cartoon representation, and the sub-domain structures are colored in magenta (IA), pink (IB), green (IIA), palegreen (IIB), blue (IIIA) and cyan (IIIB). The PB molecule (gray) is shown as a CPK representation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

3.2. PB binding at drug site 2 {#s0035}
------------------------------

The crystal structure of the HSA--PB complex also shows that one PB molecule is bound to drug site 2 located in sub-domain IIIA in the HSA structure ([Fig. 1](#f0005){ref-type="fig"}), and the details of the PB binding to HSA are as follows. The carboxylate group of PB is hydrogen-bonded to Arg410, Tyr411 and Ser489, and the alkyl chain, including the phenyl group of PB, occupies the hydrophobic cavity surrounded by Leu387, Ile388, Asn391, Cys392, Phe403, Leu407, Arg410, Tyr411, Leu430, Gly431, Val433, Cys437, Cys438, Ala449 and Leu453 ([Fig. 2](#f0010){ref-type="fig"}a). Structure comparisons of the HSA--PB complex with HSA structures complexed with ligands bound to drug site 2 (octanoate, ibuprofen, diflunisal, CMPF, diazepam, indoxyl sulfate, danslysarcosine, propofol and thyroxine) show that the PB binding location coincides very well with the binding locations of the ligands bound to drug site 2, except for thyroxine ([Fig. 2](#f0010){ref-type="fig"}b). The carboxylate groups of PB, octanoate, ibuprofen, diflunisal, CMPF and danslysarcosine are hydrogen-bonded to Arg410, Tyr411, Lys414 or Ser489, that are located near the entrance to drug site 2, and the aromatic rings of PB, ibuprofen, diflunisal, danslysarcosine, diazepam, propofol and indoxyl sulfate are located in the middle of the drug site 2 cavity. The binding of PB and thyroxine to drug site 2 involve hydrogen-bonding to Tyr411 and Ser489, which both are located at the entrance to drug site 2, while the overall thyroxine molecule is oriented toward the solvent whereas the alkyl chain of PB is accommodated within the drug site 2 cavity. Fatty acids, except for octanoate, also bind to HSA near drug site 2 and these binding sites are referred to as FA sites 3 and 4 [@bib19], [@bib21]. Structure comparisons of the HSA--PB complex to the HSA--fatty acid complex bound to FA sites 3 and 4 show that the location of the carboxylate and phenyl groups of PB coincide with the location of the carboxylate group of fatty acids bound to FA site 4 and the location of the terminal alkyl chain of the fatty acids bound to FA site 3, respectively ([Fig. 2](#f0010){ref-type="fig"}c).Fig. 2PB binding at drug site 2. (a) Stereo-view of the binding of PB at drug site 2. The PB molecule (gray) is shown as a ball-and-stick representation. Hydrogen bonds are shown as yellow dashed lines. 2m*F*~o~-D*F*~c~ electron density maps of PB is shown as an orange mesh contoured at 1.0σ. (b) Comparisons of the binding position of PB (gray) with that of octanoate (light blue, PDB: 5X52 [@bib7]), ibuprofen (magenta, PDB: 2BXG [@bib28]), diflunisal (green, PDB: 2BXE [@bib28]), CMPF (blue, PDB: 2BXA [@bib28]), diazepam (cyan, PDB: 2BXF [@bib28]), indoxyl sulfate (yellow, PDB: 2BXH [@bib28]), danslysarcosine (orange, PDB: 2XVQ [@bib34]), propofol (yellow green, PDB: 1E7A [@bib35]) and thyroxine (pink, PDB: 1HK1 [@bib29]). (c) Comparisons of the position of binding of PB (gray) with that of fatty acids; decanoic acid (green, PDB: 1E7E [@bib19]), dodecanoic acid (lightorange, PDB: 1E7F [@bib19]) and myristic acid (orange, PDB: 1BJ5 [@bib17]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

4. Discussion {#s0040}
=============

Information regarding the binding of endo-exogenous ligands to HSA has contributed the drug developments including the pharmacokinetics and pharmacological effects of such drugs. Very recently, in a study using specific fluorescent probes, we reported that PB binds to drug site 2. In addition, on the basis of the experimental results for the binding of PB to chemically modified HSAs (Trp modification and Tyr modification), we proposed that Tyr411, a typical residue in the drug site 2 region, is involved in PB binding. This hypothesis was supported by the binding of PB to mutant-HSAs (Y411A and R410A), for which the binding of PB to the two mutant-HSAs was decreased significantly [@bib5], [@bib6]. It therefore appears that Arg410 as well as Tyr411 play an important role in the binding of PB to drug site 2. The crystal structure of the PB--HSA complex served to confirm the above findings. A comparison of the PB--HSA complex with HSA complexed with ibuprofen indicate that the structures are similar. This suggests that PB can be displaced by most site 2 drugs. In fact, *in vitro*, diclofenac is displaced by 6-methoxy-2-naphylacetic acid, the active metabolite of nabumetone. Moreover, the same authors found that the pain relief in rheumatoid arthritis patients using a diclofenac suppository was increased by the simultaneous oral administration of nabumetone [@bib22]. They confirmed that the concentration of free diclofenac was increased when used in combination with nabumetone but no change in metabolism of diclofenac by CYP2C9, the rate-limiting enzyme in the metabolic clearance of diclofenac, was observed [@bib22]. Similar observations were reported in the same laboratory when combination therapy involving the injection of flurbiprofen was applied [@bib23]. Thus, the transient change in the free drug concentration due to displacement may influence its pharmacological activity in some cases.

Information concerning the binding sites of other types of endogenous ligands (fatty acid, sugar, heme, 4*Z*,15*E*-bilirubin-IXα, Δ^12^-prostaglandin J2, indoxyl sulfate, CMPF and thyroxine) to HSA that were determined by X-ray crystallography are shown in [Fig. 3](#f0015){ref-type="fig"}. Fatty acid binding sites are ubiquitous in the HSA structure [@bib19], [@bib21]. Heme, 4*Z*,15*E*-bilirubin-IXα and Δ^12^-prostaglandin J2 bind to sub-domain IA of HSA [@bib24], [@bib25], [@bib26], and glucose and fructose bind to sub-domain IIA of HSA [@bib27]. The indoxyl sulfate and CMPF binding sites are located in both sub-domains IIA and IIIA of HSA [@bib28], and the thyroxine binding sites are observed at sub-domains IIA, IIIA and IIIB of HSA [@bib29]. Thus, it would be expected that PB would compete with fatty acids, indoxyl sulfate, CMPF and thyroxine for the binding to HSA, but that it would not compete with sugars, heme, 4*Z*,15*E*-bilirubin-IXα and Δ^12^-prostaglandin J2 for binding because the location of the PB binding site is different from their binding sites in HSA. In addition, the high affinity binding sites of both long- and medium-chain length of fatty acids have been shown to be at sub-domains IIIA (FA site 4) and IIIB (FA site 5) and the primary binding site of indoxyl sulfate is located in sub-domain IIIA [@bib28], [@bib30], [@bib31], [@bib32], whereas the primary binding sites of CMPF and thyroxine are located in sub-domain IIA [@bib28], [@bib29]. Therefore, fatty acids and indoxyl sulfate would function as stronger competitive inhibitors for the binding of PB to HSA than would CMPF and thyroxine.Fig. 3The endogenous ligands binding in HSA. Ligands bound to HSA are shown as CPK representations; dodecanoic acids (lightorange, PDB: 1E7F [@bib19]), heme (red, PDB: 1N5U [@bib24]), Δ^12^-prostaglandin J2 (cyan, PDB: 3A73 [@bib26]), 4*Z*,15*E*-bilirubin-IXα (orange, PDB: 2VUE [@bib25]), fructose (green, PDB: 4IW1 [@bib27]), glucose (yellow green, PDB: 4IW2 [@bib27]), CMPF (blue, PDB: 2BXA [@bib28]), indoxyl sulfate (yellow, PDB: 2BXH [@bib28]), and thyroxine (pink, PDB: 1HK1 [@bib29]). Defatted (a) and fatted (b) HSA structures are shown separately because it is well known that the binding of fatty acids induces a conformational change in the molecule. Fatty acid binding sites are abbreviated as FA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

5. Conclusion {#s0045}
=============

The three-dimensional structure of the HSA--PB complex was determined in order to clarify the detailed interaction mode of PB with HSA using X-ray crystallographic analysis. Structure comparisons of the HSA--PB complex with HSA structures complexed with the site 2 drug, ibuprofen, show that the location of PB binding coincides very well with the locations where ligands are bound, as expected from the similarities of the structures of the two drugs. The carboxylate groups of PB and ibuprofen are hydrogen-bonded to Arg410, Tyr411 or Ser489, which are located near the drug site 2 entrance, and the aromatic rings of the two drugs are located in the middle of the drug site 2 cavity. An elucidation of mechanism for the molecular interaction of PB to HSA provides valuable and useful information for developing an understanding of the pharmacokinetics and the pharmacologic effects of PB in humans [@bib33].

Appendix A. Supplementary material {#s0055}
==================================
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[^1]: Values in parentheses denote the highest resolution shell.

[^2]: *R*~merge~ = 100 × Σ~*hkl*~ Σ~i~ \|*I*~*i*~(*hkl*) − 〈*I*(*hkl*)〉\| / Σ~*hkl*~ Σ~i~*I*~*i*~(*hkl*), where 〈*I*(*hkl*)〉 is the mean value of *I*(*hkl*).

[^3]: *R*~work~ = 100 × Σ~*hkl*~ \|\|*F*~o~\| − \|*F*~c~\| \| / Σ~*hkl*~ \|*F*~o~\|, where *F*~o~ and *F*~c~ the observed and calculated structure factors, respectively. ^c^*R*~free~ is calculated as for *R*~work~, but for the test set comprising 5% reflections not used in refinement.
